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We review recent work that investigates the formation of stellar clusters,
ranging in scale from globular clusters through open clusters to the small
scale aggregates of stars observed in T associations. In all cases, recent ad-
vances in understanding have been achieved through the use of state of the art
stellar dynamical and gas dynamical calculations, combined with the possi-
bility of intercomparison with an increasingly large dataset on young clusters.
Among the subjects that are highlighted are the frequency of cluster-mode
star formation, the possible relationship between cluster density and the high-
est stellar mass, subclustering and the dynamical interactions that occur in
compact aggregates, such as binary star formation. We also consider how
the spectrum of stellar masses may be shaped by the process of competitive
accretion in dense environments and how cluster properties, such as mass seg-
regation and cluster morphology, can be used in conjunction with numerical
simulations to investigate the initial conditions for cluster formation. Lastly,
we contrast bottom-up and top-down scenarios for cluster formation and
discuss their applicability to the formation of clusters on a range of scales.
I. Introduction
Observations indicate that stars frequently form in clustered en-
vironments – in rich clusters of many hundreds to many thousands of
stars, or in smaller groups and aggregates containing of order ten to a
few tens of stars. It is only recently, however, that the properties of
young clusters are beginning to be well characterised. Cluster forma-
tion is important, therefore, insofar as it is a fundamental unit of star
formation. It is also becoming increasingly apparent, given the high
stellar densities measured in young clusters and therefore the possible
role of encounters, that whether a star forms in a cluster or in isolation
may be important in determining its fundamental properties, such as
its mass, binarity or possession of planets.
This Chapter will concentrate on the issue of how observed young
clusters can be used to deduce the conditions in clusters at birth. In
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particular, it stresses the interplay between observations and numer-
ical simulations, which allows one to address a number of questions
regarding the initial shapes, mass distributions and dynamical states
of clusters, as well as exploring how likely it is for clusters to survive
as bound structures. Significant observational and computational ad-
vances in recent years make this exercise particularly timely. On the
observational front, deep wide-field imaging at infrared wavelengths
and multi-fibre spectroscopy have brought a wealth of data concerning
the state of clusters at increasingly young ages. Numerical simulations
have also advanced considerably through the development of hydrody-
namic codes that can deal with the highly inhomogeneous conditions
in star forming gas. Of particular significance is the recent advent of
special purpose ‘GRAPE’ hardware for the calculation of gravitational
forces (Okumura et al. 1993). This innovation has heralded a new
era in Nbody calculations, so that it is now straightforward to perform
simulations (over tens of dynamical times) in which the number of par-
ticles matches the number of stars, even in the case of populous clusters
containing many tens of thousands of stars.
The reason it is desirable to derive the basic characteristics of clus-
ters at birth is because of the light such information sheds on how
clusters form. Observational constraints on the age spread in clusters,
the time sequence of star formation as a function of stellar mass, and
the degree of subclustering are all important constraints on theoretical
models. We defer a fuller discussion of current theoretical ideas until
Section VII, but here indicate some of the issues in order to motivate
the intervening Sections of the paper.
Historically, cluster formation theories considered the monolithic
top-down collapse of Jeans unstable gas, and the main issue therefore
concerned the number of fragments (‘stars’) formed during collapse
(Hoyle 1953; Larson 1978). Such studies envisaged rather smooth ini-
tial conditions and therefore interest focused on the amplification of ini-
tially linear density perturbations and on the efficiency of cooling dur-
ing collapse. Two facts about the state of star forming gas in molecular
clouds however render this picture obsolete. Firstly, the thermal energy
content of the gas is negligible compared with the energy density in (as-
sumed MHD) turbulence: hence the question of how pieces of the cloud
collapse to form stars does not hinge primarily on cooling but instead
on their ability to decouple from the magnetic field. Secondly, molec-
ular clouds are extremely inhomogeneous (e.g. Vazquez Semadeni et
al., this volume), consisting of a floculent ensemble of structures within
structures (for a hierarchical description of star forming clouds, see
Chapter by Elmegreen, Zinnecker, Pudritz and Efremov this volume).
This inhomogeneity of the parent gas has several implications for
cluster formation. For one thing, it renders trivial the question: ‘
Why are stars clustered at birth?’, since at some level this reflects
Formation of Stellar Clusters 3
the structure of the star forming gas, albeit modified by dynamical
effects (see Klessen, Burkert and Bate 1998 for a first attempt to model
cluster formation from highly inhomogeneous initial conditions). It
should be noted in passing that the fractal dimension characterising
the distribution of young stars is not equal to that of the gas, implying
either that the star formation process engenders tighter clustering or
else that stars form from the most tightly clustered component of the
molecular gas (Larson 1995).
The complex density structure of star forming clouds also raises
questions as to the degree of coordination that is required to form a
cluster. It is well known (e.g. Lada et al. 1984; Goodwin 1997; see
Section V below) that the formation of a bound cluster requires that
a high fraction (30-50 %) of the gas must be turned into stars before
destructive feedback mechanisms from massive stars come into play:
in practice this means a high conversion efficiency within a few cluster
dynamical times. Such locally coordinated star formation is a natural
expectation in top-down scenarios (i.e. where the structure develops
as a result of gravitational instabilities during collapse). It is not how-
ever the obvious outcome if star formation is taking place in an already
highly structured environment, unless some external agent can syn-
chronise the onset of star formation in a set of discrete, and mutually
independent, clumps. Such triggered star formation is therefore an at-
tractive possibility theoretically, and there are clear examples (such as
in IC 1396, Patel et al.1998; the Rosette Molecular Cloud, White et
al.1997; IC 1805, Heyer et al.1996; Gem OB1, Carpenter et al.1995;
and in more isolated “bright rim” regions, Sugitani et al.1991,1994)
where the location of young stellar objects – and clusters – in the
dense gas swept up by expanding HII regions lends credence to this
scenario (Elmegreen and Lada 1977). In other cases, however, the loca-
tions of young clusters give no hint of external triggering (e.g. Taurus,
NGC 2264). Thus a key question (whether cluster formation is induced
or spontaneous) remains unanswered at the present time. Clearly, the
derivation of cluster parameters at birth (particularly the age spread of
stars within a cluster and the initial degree of sub-clustering) can shed
considerable light on this question.
II. Observations of Young Clusters
Clusters are useful laboratories for star formation studies since they
provide stellar samples of constant metallicity at approximately uni-
form distance. The task of identifying and characterizing clusters so
young that they are still embedded in the molecular material from
which they formed has been considerably aided within the past decade
by near-infrared imaging capabilities. Near-infrared surveys penetrate
through an order of magnitude more column density than does visual
